We have reported a strategic procedure for the preparation of human-type N-linked oligosaccharides targeting hen egg white and yolk. To determine whether the technique is applicable to other avian species, we performed comparative analysis of N-linked oligosaccharides derived from eggs of other pheasant species. Our investigation of the principal oligosaccharides resulted in several major findings: (i) Glycan profiles as well as total yields were different between species and tissues (egg white and yolk). (ii) A common feature of egg white glycans is agalactosylated, hybrid-type, and complex-type oligosaccharides containing bisecting GlcNAc as major components. (iii) Egg yolk of pheasant species contained 2-6sialylated, biantennary complex-type oligosaccharides as major components. (iv) Egg yolk of Japanese pheasant and golden pheasant contained unusual persialylated oligosaccharides. Our results suggest that pheasant egg glycomes are significantly different from other avian species, although some common features are present.
A variety of glycan structures have been found in various forms of glycoconjugates, which include both secreted and membrane-integrated glycoproteins, glycosaminoglycan, and glycolipids. 1) Several lines of evidence show that these glycans play important roles in a range of biological phenomena based on cellular recognition and communication events including fertilization, development, differentiation, morphogenesis, carcinogenesis, and metastasis. [1] [2] [3] [4] Thanks to recent developments in biotechnological applications in glycomics, highly sensitive analysis of glycan structures attached to core proteins as well as investigation into their biological functions is now feasible. Of particular relevance are the emerging techniques for glycan profiling 5, 6) and gene knock-out/silencing. 7) Nevertheless, the production of human-compatible glycans remains technically challenging. Moreover, the lack of standard glycans with known glycoprotein function is hampering the medical applications of glycans. Recently, Kajihara and his group developed an innovative procedure to synthesize glycoproteins by a combination of native chemical ligation of synthetic peptides and glycopeptides conjugation technology. 8) The proposed concept proved to be useful in applications involving relatively simple glycoproteins/peptides having biantennary, complex type Nlinked glycans, but the method has not been applied to other types of glycoproteins bearing high-mannose type glycans, such as gp120 of human immune-deficiency virus 9) and pancreatic ribonuclease B, 10) or highly branched complex-type glycans, such as erythropoietin 11) and 1-acid glycoprotein. 12) In our previous study, we proposed to develop a series of strategic glycan maps as a basis for preparing humantype N-linked oligosaccharides. 13) As a first step towards achieving this goal, avian eggs were chosen as potentially valuable starting materials. The advantage of avian eggs is that they are cheap and constantly available in markets, and most of their glycan structures have been identified as being close to those of humans (human compatible). With the exception of extensive studies on hen egg [14] [15] [16] [17] [18] [19] and a few glycoproteins (ovomucoid, 20, 21) IgY, 22) and riboflavin-binding protein 23) ) from Japanese quail, there have been no reports on the glycan structures of other pheasant eggs. Therefore it is necessary to investigate the oligosaccharide profiles of many other relevant avian species to obtain a more comprehensive overview. In this study, we focused on structural analysis and quantification of N-linked oligosaccharides derived from the egg yolk and white of four Phasianidae (pheasant) species, Japanese pheasant, Japanese quail, peahen, and golden pheasant. The results obtained here provide information to compare with previous results obtained for hen egg yolk and white 13) from both the biological and the industrial viewpoint.
Materials and Methods
Materials. Japanese pheasant eggs were purchased from Kiji-noSato (Shizuoka, Japan). Japanese quail eggs were obtained from a local market (Kagawa, Japan). Peahen and golden pheasant were obtained y To whom correspondence should be addressed. Fax: +81-87-891-3137; E-mail: glycofun@kms.ac.jp Abbreviations: PA, pyridylaminated; Glc, D-glucose; Man, D-mannose; Gal, D-galactose; GlcNAc, N-acetylglucosamine; NeuAc, N-acetylneuraminic acid from Dacho Oukoku (Ibaraki, Japan) and Kobe Kachoen (Kobe, Japan) respectively. 2-Aminopyridine was from Nacalai Tesque (Kyoto, Japan), and was purified with heptane. Anhydrous hydrazine was from Masuda Chemical Industries (Kagawa, Japan), and Dowex 50WX8 (200-400 mesh, H þ form) was from Muromachi Technos (Tokyo). QSepharose and Cellulose microcrystalline were from GE Healthcare (Little Chalfont, UK) and Merck (Darmstadt, Germany) respectively. TSK gel Toyopearl HW-40F, a Cosmosil 5C18-P column (10 Â 250 mm and 2 Â 250 mm), and a Inertsil NH2 column (4:6 Â 150 mm) were from Tosoh (Tokyo), Nacalai Tesque, and GL Sciences (Tokyo) respectively. Neuraminidase from Arthrobacter ureafaciens was from Nacalai Tesque. -2,3-Sialidase cloned from Salmonella typhimurimum LT2 and expressed in Escherichia coli was from Takara Bio (Shiga, Japan). -Galactosidase, -N-acetylhexosaminidase, and -mannosidase, all from jack bean, were from Seikagaku (Tokyo). 2,5-Dihydroxybenzoic acid was from Bruker Daltonics (Billerica, MA). Methanol, acetonitrile, and 1-butanol were of HPLC grade, and the other chemicals were of analytical grade. All other standard pyridylaminated N-linked oligosaccharides were prepared as described previously. 13, 24) Liberation of N-linked oligosaccharides and pyridylamination of Japanese pheasant egg white and yolk. Japanese pheasant egg was first separated into yolk and white fractions. An equal volume of water was added to each fraction, and the fractions were then extracted with equal volumes of methanol and chloroform. The extracts were centrifuged (3,500 rpm, 30 min, 4 C using a Tomy RL-131 centrifuge, Tomy Seiko, Tokyo), and the pellets obtained were lyophilized as acetone powder. The egg yolk and white fractions (150 mg each) were then equally divided into three glass tubes with screw-cap lids (each containing 50 mg of powder). To each tube was added 5 ml of anhydrous hydrazine, and the tube was then heated to 100 C for 10 h following a procedure described previously. 25, 26) After hydrazinolysis, the liberated N-linked oligosaccharides were N-acetylated, desalted with Dowex 50WX8, and lyophilized. The N-linked oligosaccharide fractions thus prepared from Japanese pheasant egg white and yolk were designated Ph-W and Ph-Y respectively.
The two fractions, Ph-W and Ph-Y, were pyridylaminated essentially by the method of Hase et al. 27, 28) Briefly, lyophilized Ph-W and Ph-Y fractions were dissolved in 1.5 ml of the coupling reagent (2.76 g of 2-aminopyridine in 1 ml of acetic acid) and heated at 90 C for 60 min in a heating block. After the coupling reaction, 5.25 ml of freshly prepared reducing reagent (6 g of dimethylamine-borane in 2.4 ml of acetic acid and 1.5 ml of water) was added, and then the mixture was heated at 80 C for 35 min. The reaction was extracted with a water-saturated phenol/chloroform solution, 29) and pyridylaminated Ph-W and Ph-Y fractions were applied to a Toyopearl HW-40F column (2:5 Â 38 cm) equilibrated with 10 mM ammonium acetate (pH 6.0) in order to remove excess reagents.
30)
Purification of pyridylaminated N-linked oligosaccharides of Ph-W and Ph-Y. The Ph-W and Ph-Y fractions were first desalted on a cellulose column (1 ml bed volume).
31) The desalted fractions were then subjected to anion exchange chromatography using a Q-Sepharose column (16 Â 115 mm) equilibrated with distilled water titrated to pH 9.0 with 7 M aqueous ammonia. After 10 min, the proportion of 0.5 M ammonium acetate buffer (pH 9.0) was increased with a linear gradient from 0% to 40% over 30 min (flow rate 3.0 ml/min).
The neutral and acidic oligosaccharide fractions obtained were subjected to preliminary fractionation by reversed-phase (RP) highperformance liquid chromatography (HPLC) under isocratic conditions. Specifically, we used a Cosmosil 5C18-P column (10 Â 250 mm) equilibrated with 100 mM ammonium acetate buffer (pH 4.0) containing 0.5% (v/v) 1-butanol at a flow rate of 3.0 ml/min. The fractions obtained were then subjected to fine fractionation under various isocratic conditions with 20 mM ammonium acetate buffer (pH 4.0) containing an appropriate concentration (0.1 to 0.5%) of 1-butanol at a flow rate of 3.0 ml/min. Fractions that did not give a clear single peak in a test run were subjected to further purification by normal phase (NP) HPLC with a Inertsil NH2 column (4:6 Â 150 mm) equilibrated with acetonitrile containing 0.03% (v/v) ammonium formate buffer (pH 4.0). After injection of a sample dissolved in the same equilibration buffer, the proportion of ammonium formate buffer was increased with a linear gradient from 0.03% to 0.06% over 10 min and from 0.06% to 0.12% over 40 min at a flow rate of 0.15 ml/min. Yields were estimated from the fluorescence intensity by comparison with an appropriate authentic standard of known concentration.
Structural analysis of pyridylaminated N-linked oligosaccharides.
The purified oligosaccharides giving relatively high yields (>1 nmol/ 150 mg of acetone powder) were considered to be major oligosaccharides, and were subjected to structural analysis by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI TOF-MS) with an autoflex II mass spectrometer (Bruker Daltonics, Bremen, Germany), equipped with a 337-nm nitrogen laser, and set at 20 kV extraction voltage. 2,5-Dihydroxybenzoic acid (1 mg/ml in 30% ethanol) was used as the matrix. Analyses were carried out in reflector mode over a mass range of m=z 280 to 4,080 in positive ion mode, and 80 to 3,300 in negative ion mode. Each spectrum was measured by 150 laser shots.
N-Linked oligosaccharides that gave an MS molecular weight likely to correspond to either of the known human-type N-linked oligosaccharides were further analyzed by RP-HPLC. Analysis and quantitative determination was performed with a Cosmosil 5C18-P column (2 Â 250 mm) equilibrated with 20 mM ammonium acetate buffer (pH 4.0) containing 0.075% (v/v) 1-butanol. After injection of a sample dissolved in the same equilibration buffer, the proportion of 1-butanol was increased with a linear gradient from 0.075% to 0.425% over 90 min at a flow rate of 0.15 ml/min.
Oligosaccharides, the structures of which could not be identified by RP-HPLC due to the absence of standard saccharides, were subjected to collision-induced dissociation-mass spectrometry (CID-MS) on an autoflex II mass spectrometer, and, when necessary, specific glycosidase digestions. CID-MS spectra were obtained using argon as the collision gas. Glycosidase digestions were performed as described in the manufacturers' instructions. To determine the Man1-6 and the 1-3 linkage of the non-reducing end, jack bean -mannosidase was used under a condition (50 mU, 12 h) that cleaved only the Man1-6 linkage.
Structural analysis of pyridylaminated N-linked oligosaccharides prepared from egg white and yolk of other pheasant species. Other egg white and yolk fractions were prepared in a way similar to that described for pheasant eggs. The N-linked oligosaccharides obtained were purified by RP-and NP-HPLC, and their structures were identified by a combination of MS and enzymatic digestion.
Results and Discussion
Preparation and separation of pyridylaminated Nlinked oligosaccharides from pheasant egg Pyridylaminated N-linked oligosaccharides were prepared from pheasant egg yolk and white as described under ''Materials and Methods.'' Purified PA-oligosaccharides were first fractionated by anion-exchange chromatography on a Q-Sepharose column. The neutral oligosaccharide fraction, which passed through the column, was designated N, and the adsorbed anionic oligosaccharides were fractionated, and designated A x according to the order of elution, A 1 , A 2 , and A 3 . Using this procedure, pheasant egg white (Ph-W) gave N, A 1 , and A 2 fractions (Fig. 1) , whereas pheasant egg yolk (Ph-Y) gave N, A 1 , A 2 , and A 3 fractions (Fig. 2) . A few of these fractions displayed relatively abundant amounts of N-linked oligosaccharides; Ph-W-N, Ph-Y-N, Ph-Y-A 1 , and Ph-Y-A 2 gave yields of more than 1 nmol/ 150 mg of starting materials (dried weight of acetone powder; see ''Materials and Methods''). Therefore, in this study, we focused on the further analysis of major molecular species to make a strategic map of N-linked oligosaccharides for each pheasant fraction.
The fractions obtained by anion exchange chromatography were subjected to purification by reversed-phase chromatography on a COSMOSIL 5C18-P column (10 Â 250 mm). Chromatography was initially performed using a relatively high concentration of 1-butanol for the elution, 0.5% (v/v), in 100 mM ammonium acetate (pH 4.0; Fig. 2) . A second round of reversed-phase chromatography was then carried out with a lower concentration (0.1-0.3%) of 1-butanol depending on the eluting positions in the first round of chromatography (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site). For instance, the N-2 and N-3 fractions from Ph-W gave retention times corresponding to highmannose type in the first round of chromatography, and hence, were separated more thoroughly with 0.2% of 1-butanol. By contrast, the N-5 fraction from Ph-W eluted much later at a position corresponding to a group of complex-type oligosaccharides having a bisecting GlcNAc residue, and was therefore further separated with 0.3% of 1-butanol. Nevertheless, some fractions required additional separation by another mode of chromatography. For example, the N-4 fraction gave a single peak in RP-HPLC (0.2% of 1-butanol) but two peaks by normal-phase chromatography on an Inertsil NH2 column (4:6 Â 150 mm), which was used to verify purity. Hence, the N-4 fraction was further purified using the Inertsil NH2 column (data not shown).
Similarly, the Ph-Y fractions obtained by anionexchange chromatography (N, A 1 , and A 2 ) were exten- Top, Oligosaccharides were liberated by hydrazinolysis and labeled with 2-aminopyridine, as described under ''Materials and Methods.'' The resulting PA-oligosaccharides were desalted and then applied to a Q Sepharose column (16 Â 115 mm) equilibrated with distilled water (pH 9.0). After 10 min of injection, the proportion of 0.5 M ammonium acetate buffer (pH 9.0) was increased with a linear gradient from 0% to 40% in 30 min. S 0 , S 1 , S 2 , and S 3 are standard oligosaccharides binding sialic acid. Bottom, The pass-through neutral fraction (N) was further subjected to separation by reversed-phase chromatography on a COSMOSIL 5C18-P column (10 Â 250 mm) equilibrated with 100 mM acetic acid-aqueous ammonia buffer (pH 4.0) containing 0.5% 1-butanol at a flow rate of 3.0 ml/min. Fractions with underbars denote those containing substantial amounts (>1 nmol) of oligosaccharides, which were subjected to further structural analysis. PA-oligosaccharides were derived from Japanese pheasant egg yolk as described for egg white (Fig. 1) , and then separated by Q Sepharose (top) column chromatography and then by COSMOSIL 5C18-P reversed-phased chromatography with 100 mM acetic acid-aqueous ammonia buffer (pH 4.0) containing 0.5% 1-butanol. Fractions with underbars denote those containing substantial amounts (>1 nmol) of oligosaccharides, which were subjected to further structural analysis. sively purified by two rounds of RP-HPLC on a COSMOSIL 5C18-P column (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site), and when necessary were further purified by normal-phase chromatography (Supplemental Fig. 2 ; see Biosci. Biotechnol. Biochem. Web site). As a typical case, A 1 -3 fraction gave three peaks in the second round of RP-HPLC (0.2% 1-butanol), of which the second fraction was further separated into two fractions (sugar ID used throughout this study, 31, 35; see Table 1 ) by Inertsil NH2 column chromatography (chromatogram not shown).
Structural analysis and quantification of pheasant egg glycans
The purified oligosaccharides were quantified on the basis of fluorescence intensity relative to an appropriate quantity-defined authentic standard oligosaccharide, and their structures were analyzed (Supplemental Fig. 3 ; see Biosci. Biotechnol. Biochem. Web site). In some instances, where structure-defined standards were not available, the positions of Sia and Gal remained to be determined. These are largely represented by sialylated, highly-branched oligosaccharides derived from Ph-Y, monosialylated triantennary (34, 35) , disialylated triantennary (37), monosialylated tetraantennary (39), and disialylated tetraantennary oligosaccharides (40). Including these five structurally-undefined acidic oligosaccharides, 15 glycans (1, 2, 3, 5, 6, 29, 30, 31, 32, 33, 34, 35, 37, 39, 40) were identified in the Ph-Y fraction, while 12 neutral oligosaccharides were identified in the Ph-W fraction (1, 3, 5, 6, 9, 11, 12, 17, 18, 19, 20, 27) . Since it has been reported that jack bean -mannosidase cleaves the Man1-6Man linkage much faster than the Man1-3Man linkage, 32) we attempted to use this 
The figures in parentheses are percentages taking the total amount of major oligosaccharides from each sample to be 100. Oligosaccharides denoted on asterisk ( Ã ) were subjected to glycosidase digestion analysis with A. ureafaciens neuraminidase, S. typhimurimum LT2 -2,3-sialidase, jack bean -galactosidase, -N-acetylhexosaminidase, and -mannosidase, in addition to conventional HPLC mapping and CID-MS analysis.
enzyme on M4/BiN. M4/BiN was not hydrolyzed by the mannosidase when the Man1-6 was cleaved but the Man1-3Man was not. This result suggests that the structure of M4/BiN is Man1-3Man1-6 (GlcNAc1-2Man1-3) (GlcNAc1-4) Man1-4GlcNAc 1-4GlcNAc-PA. Consistently with this result, Tai et al. reported that the M4 expressed in ovalbumin was Man1-3Man1-6 (Man1-3) Man1-4GlcNAc1-4GlcNAc. 33) Only two oligosaccharides were in common between the Ph-W and Ph-Y fractions, both classified as high-mannose type, viz., M5 (6) and M6 (5). However, this was also the case for hen egg yolk and white. 13) In total, we identified 23 N-linked oligosaccharides from Japanese pheasant egg. The purification yields of the pheasant egg oligosaccharides starting with 1 g of material (acetone powder) are summarized in Table 1 .
The dominant glycoforms of pheasant egg white glycans were the two high-mannose type glycans, M5 (6; 173 nmol/g of the starting material) and M6 (7; 153 nmol/g), and three hybrid-type glycans, 9 (87 nmol/g), 11 (40 nmol/g), and 12 (33 nmol/g). Complextype glycans were largely restricted to an asialo, biantennary type, which contains a bisecting GlcNAc, viz., BI/Bs-G2 (18; 67 nmol/g), BI/Bs-G (19; 27 nmol/g), and BI/Bs (20; 33 nmol/g). An agalactosylated biantennary glycan, which lacks a bisecting GlcNAc, BI-G2 (17; 27 nmol/g), was also detected in significant quantity. By contrast, N-linked glycans from pheasant egg yolk were characterized by the presence of a series of acidic (sialylated) glycans, which comprised both hybrid-type and complex-type glycans. The former group further consisted of relatively few members, M4 þ SLN (29; 27 nmol/g) and M5 þ SLN (30; 27 nmol/g), while the latter group was composed of a variety of sialylated biantennary and triantennary glycans. The biantennary glycans included S2BI (33; 120 nmol/g) and its truncated forms, SBI (32; 60 nmol/g) and SBI-G (31; 53 nmol/g). Partially sialylated, triantennary glycans were composed of S2TRI-G2 (37; 100 nmol/g), STR-G3 (34; 40 nmol/g), and STR-G2 (35; 40 nmol/g). In addition, a series of high-mannose type glycans were also detected. These consisted of M9 (1; 186 nmol/g), M8 (2; 67 nmol/g), M7A (4; 27 nmol/g), M6 (5; 100 nmol/g), and M5 (6; 87 nmol/g), the last two components being in common with the egg white (Ph-W) fraction. No significant amounts of neutral hybrid-type glycans were identified.
As regards the sialylated triantennary glycan 34 (STR-G3), the observed m=z value 1889.4 (H þ form) suggests the absence of a galactose residue; Hex 3 HexNAc 5 NeuAc 1 , where Hex and HexNAc denote hexose (e.g., mannose, galactose) and N-acetylhexosamine (e.g., GlcNAc, GalNAc) respectively. The deduced glycan structure is considered to be a monosialylated, exclusively agalactosylated, triantennary glycan (for the estimated structure, see Table 1 ). Thus, the molecule contains sialic acid in the absence of Gal (because all three Hex should be Man, which constitutes the trimannosyl core structure). Similarly, glycan 37 is also abnormal in that the number of Sia (2) exceeds the number of Gal (1) . Such abnormal glycans have also been detected in another species of pheasant (golden pheasant egg yolk). Although there is a report of glycans having excess Sia residue(s) relative to Gal in mammals, 34) the presence of such persialylated glycans has never been reported in birds.
Comparative glycomics with a focus on the eggs of Phasianidae N-Linked glycans were also prepared from both egg white and yolk fractions of three other pheasant species, Coturnix japonica (Japanese quail), Pavo cristatus (peahen), and Chrysolophus pictus (golden pheasant). The results are summarized in Table 1 . Previous results obtained for hen egg white and yolk were also used for comparison (shown as horizontal bar graphs in Fig. 3 ). The yields of major N-linked oligosaccharides from egg white of individual pheasant species are shown in the left panel, while those from egg yolk are shown in the right panel of Fig. 3 . The yields of N-linked oligosaccharides from the egg of Japanese quail were apparently high, but this finding is entirely consistent with a previous report that a comparison using the same weight of egg white protein showed the quantity of glycoproteins in egg white of Japanese quail to be several times that of hen. 35) The results of these observations can be summarized as follows. (i) Most of the oligosaccharide structures identified in this work were identical to those of human origin, human-type. (ii) The glycan profiles, as well as total yields, were considerably different between species as well as between tissues (egg white and yolk). The latter point is consistent with previous results for hen egg glycans. 13) For the sake of systematic comparison, correlation coefficients were calculated with regard to molecular species and relative yields for individual sources (Table 2) . Our results show no clear correlation in egg white glycans between Japanese pheasant and Japanese quail (correlation coefficient, À0:065), Japanese quail and peahen (0.049), or golden pheasant and hen (0.086). However, some correlation was found between egg yolk glycans. (iii) Nevertheless, there was a significant tendency for both egg white and yolk to contain high-mannose type oligosaccharides as the most common predominant glycoforms, M5 and M6. (iv) All egg white glycans contained agalactosylated, hybridtype, and complex-type oligosaccharides comprising bisecting GlcNAc as characteristic glycoforms. (v) In contrast, egg yolk contained 2-6sialylated, biantennary complex-type oligosaccharides as characteristic major components, while it did not show any evidence of the presence of bisecting GlcNAc. (vi) Similarly to Japanese pheasant, the egg yolk of golden pheasant contained abnormally sialylated oligosaccharides, where the number of sialic acids apparently exceeded that of Gal. Such persialylated N-glycans are 34, 37, 39, and 40 in Japanese pheasant and 36, 39, and 40 in golden pheasant. Though their complete structures remain to be determined, the most likely linkage, NeuAc2-6GlcNAc, might be more common than expect, considering the relatively frequent occurrence of these persialylated structures in the egg yolk of Japanese pheasant (23.2%) and golden pheasant (8.4%). In fact, bovine fetuin has been reported to express the NeuAc2-6GlcNAc structure. 34) Therefore, this structure might be common to many other mammals, including humans. It would also be of biological interest if this abnormal sialylation is related to cell malignancy and developmental events. At the moment, however, the glycosyltransferases involved in this abnormal sialylation are not known in any avian or mammalian species.
In conclusion, the results described here suggest that pheasant egg glycomes are significantly different from one another, albeit with some common features. This observation is reasonable in view of essentially different glycome profiles depending on cellular sources or their developmental states, including malignancy. From the viewpoint of glycotechnology, both the egg white and the yolk of the pheasant series should be useful sugar sources to prepare human-compatible 36) N-linked oligosaccharides, and those might include not only previously identified glycans but also those likely to be identified in future work. Along with the concept of comparative glycomics, however, some of them might better be mentioned as eukaryote-compatible or animal-compatible in a given context. The numbers on the horizontal axis show the yield (nmol/150 mg of acetone powder). The numbers on the vertical axis are ID numbers corresponding to Table 1 .
Ã Quoted from reference 13.
In this study, none of the glycans contained fucosylated oligosaccharides, or at least not as major components. Although IgY derived from hen and Japanese quail egg yolk has been found to have core-fucosylated N-glycans, 18, 22) they are not considered to be major components of avian eggs. Hence, it is necessary to increase the repertoire of available resources in order to prepare N-linked oligosaccharides that do not contain avian egg oligosaccharides (e.g., fucosylated oligosaccharides) for application in glycoscience and glycotechnology.
